Introduction
By mid-1998, more than 30 million people worldwide were living with the human immunodeficiency virus (HIV), with about 5 million of those infected just that year. In the two decades of the HIV epidemic, it has been estimated that over 47 million people were infected with the virus and that nearly 14 million have already died. The epidemic continues to expand, with an estimated doubling time of 10 years. Indeed, the acquired immunodeficiency syndrome (AIDS) has now surpassed tuberculosis and malaria, becoming the leading infectious cause of death. However, patterns of HIV infection and disease are changing. HIV is lowering life expectancy, while reversing previous gains in child survival in east and central Africa, and widespread heterosexual HIV transmission is emerging in parts of southern Africa and southeast Asia. Conversely, AIDS mortality has fallen in industrialized countries, but the prevalence of HIV infection and cost of treatment are increasing (1) . The availability of new, effective combinations of anti-retroviral drugs is modifying the course of HIV disease, rendering the interpretation of epidemic trends difficult. Despite the fact that successes have been achieved in treating this disease, access to expensive therapies is only possible in the wealthiest nations. The treatments are difficult to administer and commonly fail, thus making prevention strategies of paramount importance for controlling the spread of this deadly virus.
Epidemic Patterns
Worldwide, an important difference exists between countries with a "concentrated" pattern of HIV transmission and countries with a "generalized" pattern of transmission (1, 2) . Transmission is considered to be concentrated where the infection is endemic, but occurs mostly in certain population groups, such as male homosexuals or intravenous drug users, which are defined as "high-risk." Regions with a concentrated pattern include western Europe, North America, Australia, and some parts of Latin America and Asia. In these areas, HIV prevalence may be high or very high (from Ͼ5% to Ͼ50%) in affected minorities, though the overall adult prevalence is generally less than 1% (1, 3) . In contrast, in the generalized transmission pattern, HIV infection is spread throughout the adult population and heterosexual transmission predominates. This is the case in east and central African countries, where the prevalence in adults is well over 1% (3) . In these countries, there may have been a phase of concentrated transmission, possibly attributed to heterosexual transmission among core groups, such as commercial sex workers, truck drivers and businessmen.
In addition, there is a mixed pattern of HIV transmission in some countries due to the coexistence of both concentrated and generalized patterns. This may be the case in countries such as Brazil or India, where the infection began its spread among male homosexuals or female sex workers, after which, generalized transmission radiated into the broader spheres of the population. The comparison between the current "new" global epidemiological pattern and the previously described "old" pattern in which many eastern European and Asian countries were only marginally involved in the epidemic, is presented in Figure 1 .
Geographical Variations and Recent Trends
Geographical variations in the spread of HIV infection are extensive. Six out of every ten HIV-infected men, eight of every ten infected women, and nine in ten infected children live in sub-Saharan Africa, where nearly half of all new infections worldwide are located. HIV incidence in southern Africa rose considerably in the midto late-1990s, reaching record levels in Francistown, Botswana in 1997 and in Beit Bridge, Zimbabwe in 1996 (1) . HIV prevalence is also rising in countries such as India, China and Russia, where it was previously low for several years. In particular, in South and Southeast Asia, a region called the "golden triangle" (from eastern Myanmar to Yunnan and Manipur, excepting the Me Kong delta), the pattern of transmission is moving from concentrated (injecting drug users and female sex workers) to generalized transmission. Sex between men is still an important route of infection in Latin America, though heterosexual transmission is common in the Caribbean and generalized transmission is now emerging in some areas of Brazil.
Some evidence indicates declining trends in urban Uganda, where the prevalence of HIV infection in women under 25 years of age attending prenatal centers has been falling since 1994 (2, 4, 5) . To a lesser extent, some optimistic figures have been obtained in other African countries, such as Zambia (2, 6) . However, these apparent successes in prevention activity seem to represent the exception rather than the rule in most of the developing world.
The epidemic remains concentrated among minority populations in western countries and in Australia, although in certain urban populations, especially among African Americans in the United States, it has become a generalized phenomenon. In southern Europe, where injecting drug users are heavily affected, heterosexual transmission may play a role in the further spread of HIV. The incidence of AIDS and HIV-related mortality recently fell in most North American and western European countries. However, this does not necessarily reflect an overall decline in the incidence and prevalence of HIV infection. In recent years, progressively more intense anti-retroviral therapies have been introduced into clinical practice, resulting in a decrease of AIDS diagnoses in most developed countries (see below).
HIV Molecular Epidemiology
The discovery of highly divergent strains of HIV underscores the need for effective surveillance, both for tracking HIV variants and directing research and prevention activities (7) . Two major types of HIV have been characterized in human populations: HIV type 1 (HIV-1)-the predominant HIV type throughout the world; and HIV type 2 (HIV-2)-primarily found in persons from West Africa. Although HIV-2 appears to be somewhat less virulent and pathogenic than HIV-1, the clinical disorders induced by HIV-1 and 2 are similar. The genetic variation of HIV is extremely high. There exists a "quasi species" of related, but distinct HIV variants, which vary increasingly over time, not only between hosts, but also even within individual hosts. Rates of mutation and selection pressures vary for different parts of the retroviral genome, but the greatest variation is found in the envelope (env) gene. At least nine subtypes (also called "clades" or "genotypes") of HIV-1 isolates have been classified based on env sequences. These subtypes, designated A through I, constitute the major group of HIV-1, "Group M." Additional strains of HIV-1 that do not belong to Group M have been reported and are referred to as "Group O." They primarily come from Cameroon, where they account for less than 10% of HIV infections. Nevertheless, the remaining 90% of HIV-positive persons (similar to the rest of sub-Saharan Africa) are infected with subtypes A, C and D. The highly divergent O strains might go undetected by commonly used HIV screening tests, raising concerns about test sensitivity for blood transfusion safety as well as for individual diagnosis. Indeed, currently used diagnostic tests are based primarily on subtype B strains, which are predominant in North America and Europe and their sensitivity in detecting divergent strains may not be high. It is not known whether the genotypic diversity of HIV-1 strains affects transmissibility, infectivity, pathogenicity, or responses to therapy and vaccines. In northern Thailand, subtype E has been observed to be predominant, where sexual transmission is the main route of HIV transmission. In southern Thailand, type B predominates among injecting drug users. These observations led to the hypothesis that some variants may be more easily transmitted through sexual intercourse than others (7, 8) . However, this hypothesis has yet to be confirmed. With regard to the role of viral diversity in HIV pathogenesis, different studies show conflicting results and evidence still does not confirm that, after controlling for host factors, different viral strains may determine different progression rates (8) . Furthermore, the occurrence and the effect of genetic recombination in persons infected with two different subtypes needs to be evaluated.
In summary, future research should focus on the pathogenicity (length of incubation period) and transmissibility of the different subtypes. It is crucial that we understand more about the host genetic background as a determinant of pathogenicity and transmissibility, cross-immunity between subtypes, and how infections with more than one subtype occur.
Anti-retroviral Treatment and Its Impact

AIDS Therapies
Since the introduction of 3Ј-azido-3Ј-deoxythymidine (AZT, zidovudine) and its combinations with other nucleoside reverse transcriptase inhibitors (NRTI), such as AZTϩ3TC, AZTϩddI, AZTϩddC, etc., AIDS chemotherapy has had a profound effect on virus load in HIVinfected persons (9) . Especially the triple drug combinations (e.g., NRTIϩNRTIϩprotease inhibitor (PI), NRTIϩPIϩPI or NRTIϩNRTIϩ non-NRTI) are very effective in many patients, even after several years of treatment (9) . This treatment is often referred to as "highly active anti-retroviral therapy" (HAART).
Impact of Anti-retroviral Treatment on HIV-related Morbidity and Mortality
Beginning in 1996, a decrease in the number of new AIDS cases and HIV-related deaths has been observed in several industrialized countries (10) (11) (12) (13) (14) . The changes are attributed to the increasing use of new anti-retroviral drugs and, in particular, to the increased use of double and triple combination therapies (10, 14) . Indeed, clinical trials show a higher survival rate for HIV-infected individuals treated with two reverse transcriptase inhibitors, compared with those undergoing monotherapy (14, 15) , and the highest survival for those treated with triple combination, including protease inhibitors (14, 16, 17) . These data have been confirmed at the population level by observational study results showing decreased risk of AIDSdefining opportunistic infections (14-18) and death (14) over time. It is important to note that these improvements occurred not in a selected population of volunteers who were following a strict protocol, but in a mix of patients who were receiving individualized treatment (19) .
The effect of HAART on the epidemic's dynamics in industrialized countries is difficult to predict, because of the number of opposing forces that these treatments may represent relative to virus on transmission and disease progression. With regard to overall HIV prevalence, the prolonged survival of HIV-infected individuals in all stages of disease will tend to increase prevalence; whereas, the diminished viral load of HAART-treated patients may reduce their risk of transmitting the virus, with a corresponding negative effect on the rate of new infections. HAART may also have a dual effect on the prevalence of AIDS. The well-known effect of HAART on increasing the duration of the asymptomatic stage of the disease substantially diminished the rate at which infected individuals are defined as having AIDS. This effect may be counterbalanced by the ability of HAART to prolong survival of persons with AIDS.
Before the introduction of HAART, several studies conducted on cohorts of individuals with known HIV seroconversion dates showed that the median time from primary infection to AIDS diagnosis was about 10 years and that the age of infected individuals substantially influenced disease progression. The use of HAART, as well as additional therapies for disorders associated with HIV infections, have modified the clinical course of HIV disease. Longitudinal studies are needed to assess critically the effect of HAART on both the incubation period and the survival time in HIV-infected persons.
Sexual Transmission of HIV: Epidemiological Implications
Sexual transmission continues to account for the vast majority of HIV infections occurring worldwide. Prevention efforts remain focused on modifying sexual behaviors that place people at risk of acquiring HIV infection. Means to reduce the infectivity of HIV-positive persons are being actively investigated. Several lines of evidence support the concept that, regardless of the route of infection, persons with high viral replication are more likely to transmit HIV. As for sexual transmission, studies show that transmission rate is correlated with a lower CD4 ϩ cell count or a more advanced disease stage (20, 21) . More recent longitudinal studies further reveal that partners of persons with high plasma viremia are more likely to be infected (22, 23) . However, to better understand factors associated with sexual transmission, the effects of viral concentration in genital secretions must be evaluated. Numerous studies evaluated the presence of HIV in semen or vaginal secretions by using culture techniques or amplification of viral DNA or RNA. These studies provided evidence that HIV can be frequently recovered from the genital tract. Nonetheless, factors determining viral concentration in genital secretions are not fully understood. In most studies, viral load in genital secretions was higher in persons with higher plasma viremia (24) . However, this association was weak. Moreover, some studies observed difference in viral sequences from peripheral blood and genital secretions (25, 26) . Taken together, these observations suggest that viral concentration in the genital tract does not simply reflect the level of viral replication in blood and that local factors may influence the level of viral replication in the genital tract.
In vitro studies suggest that inflammatory disease of the genital tract may enhance local replication of HIV through a cytokine-mediated mechanism. Further clinical studies showed that the viral burden in genital secretions may be higher in HIV-infected patients with other sexually transmitted diseases (STDs). A study conducted in Malawi showed that HIV-infected men with urethritis had seminal levels of HIV 8 times that of HIV-infected men without urethritis (27) . After the urethritis patients received antimicrobial treatment, a sharp decrease in seminal HIV-RNA was observed. In another study conducted among HIV-infected women in Kenya, gonococcal cervicitis and vaginal candidiasis were associated with an increased probability of vaginal HIV shedding (28) .
Strategies aimed at reducing the infectivity of HIV-positive persons should include the suppression of viral replication and the identification and reduction of factors that enhance viral replication in the genital tract. Based on the use of three or more drugs, combination anti-retroviral therapies significantly reduce plasma viral load in a high proportion of treated patients. Several studies suggest that a decrease in HIV concentration in genital secretions parallel that recorded in peripheral blood (24) . However, replication-competent virus was recovered from seminal cells of patients showing complete suppression of HIV replication in their peripheral blood (29) . Therefore, although anti-retroviral therapy probably decreases the infectivity of HIV-positive persons, treated patients must still be considered capable of sexually transmitting HIV. Nevertheless, use of anti-retroviral therapy and the adoption of safer sexual practices may ultimately slow the spread of sexually acquired HIV. Aggressive STD diagnosis and treatment programs may impact further spread of the epidemic by reducing infectivity and probably susceptibility to HIV, both in developing and industrialized countries.
Pediatric AIDS
Epidemic trends of vertically acquired HIV infection are divergent between industrialized and developing countries. A nearly complete elimination of pediatric AIDS now appears to be an attainable goal in the United States and Europe; whereas, in developing countries, an estimated 1500 HIV-positive children are born each day and many other children are infected soon after birth (1, 2) . Major reasons for this dif-ference include the unavailability of safe alternatives to breast-feeding and lack of access to antiviral drugs that reduce rates of mother-tochild transmission in poorer countries. Giving zidovudine to women during the second and third trimesters of pregnancy, during labor, and to the newborn can reduce vertical transmission of HIV by almost two thirds (30) . Widespread, although still incomplete, implementation of this intervention in the United States and in most of Europe has resulted in vertical transmission rates that do not exceed 6% (31, 32) and, among the most recent birth cohorts in industrialized countries, a substantial fall in the incidence of perinatally acquired AIDS.
Available information on HAART (on its safety and how it influences transmission rates) given during pregnancy is limited. Nonetheless, preliminary data suggest that this therapy further reduces transmission rates to an estimated 2% or less (33) . Observational studies (34) and a randomized clinical trial (35) showed that elective cesarean section may reduce vertical transmission rates independent of prophylactic administration of antiviral drugs. Although cesarean section does not appear to be an alternative to anti-retroviral prophylaxis, this intervention may be suitable for HIVinfected women who did not receive antiretroviral drugs during pregnancy (33) . Transmission of HIV from mother to child mainly occurs perinatally or postpartum. However, a small percentage of vertical infection may occur during early pregnancy. Access to HIV testing, both before conception and during prenatal care, must be further improved if vertical transmission of HIV infection is to be effectively reduced. The safety and preventive efficacy of HAART administered before pregnancy needs clarification.
The current available drug prophylaxis regimen is too costly and complex for developing countries, where routine cesarean sections and bottle-feeding are also unattainable. These considerations prompted a series of clinical trials evaluating the prophylactic efficacy of zidovudine administered to the mothers during the last weeks of pregnancy (36) (37) (38) . These simplified regimens appeared to have an efficacy ranging from 50% for non-breastfeeding mothers to 37% among breastfeeding mothers. A short zidovudine regimen is much less expensive than the "complete regimen." Even so, its cost is still quite high for the poorer countries and its implementation would require a substantial initial investment to ensure broadened access to HIV testing and prenatal care. Cost-effect analyses showed that short course zidovudine prophylaxis may result in societal savings in most developing countries (39, 40) .
The results of a more recent trial suggested that improvements in the cost and efficacy of short-term antiviral regimens could be made (41) . In this study, 626 HIV-infected pregnant women were randomly assigned to one of two groups. One group was given nevirapine orally once at onset of labor and once to their babies within 72 h of birth. A control group received a standard regimen of zidovudine given orally to the mother at onset of labor and every 3 h until delivery, and to the infant for 7 d after birth. Compared with the control group, nevirapine lowered the risk of HIV-1 transmission during the first 14-16 weeks of life by nearly 50% in this breastfeeding population. Since nevirapine is very inexpensive, its cost should not preclude implementation of this strategy by even the poorest countries and the available data will hopefully foreshadow a dramatic impact on the global epidemic of pediatric AIDS. Implementation of this intervention will require a strong international commitment.
Economic Issues and Anti-retroviral Therapy in Developing Countries: The Unbridgeable Gap
There is a gap between what is deliverable in the western world and what is affordable where the AIDS burden is heaviest (40). It is sad to say, but HAART will remain unaffordable for most developing countries in the absence of subsidies. Some developing countries, especially in Latin America, may be able to afford some anti-retroviral drugs, but this may not be possible in countries such as Brazil, where HIV is more prevalent (42) . Most developing countries have limited resources and cannot provide even the most basic health services. If nothing is done, the gap in access to HAART and other therapies between wealthy countries with controllable disease situations and poor countries with increasing rates of HIV infection will remain unbridgeable.
AIDS Exceptionalism: Privacy Versus Public Health
Since the beginning of the epidemic, a strategy termed "HIV/AIDS exceptionalism" was adopted. This strategy drastically differed from traditional infectious disease control approaches. The policy (based on clinical confidentiality and anonymous surveillance systems, informed consent, and restricted use of HIV antibody tests) did not take into consideration the traditional repressive measures, which consist of routine testing, nominative reporting, contact tracing and notification of those exposed to infected people. Exceptionalism was a safe practice, because it initially had a limited effect on clinical care, with treatments showing only a modest influence on prognosis. The availability of effective treatment should now encourage more widespread HIV testing. Confidential reports of HIV-positive results may also favor a better understanding of the epidemic dynamics in order to better target intervention.
Future Research Priorities in HIV Epidemiology
Epidemiology of resistance to anti-retroviral drugs is a completely new field. Although the use of combinations of potent anti-retroviral drugs has modified the clinical course of HIV disease (prolonging the global survival of HIVinfected people), less optimistic news comes from reports of the transmission of drug-resistant strains of HIV. Various studies have shown that a relatively high proportion of the viral isolates may have a sharply reduced susceptibility to anti-retroviral drugs and that some patients are infected with multidrug-resistant viruses. As a result, routine resistance testing might be critical for selecting optimal initial treatment regimens or for guiding successive shifts toward other drugs. As HIV-preventive vaccines become available, epidemiologists will be challenged with designing trials in geographic areas with high incidences of HIV infection. This will require the capacity to deal not only with methodological issues, but also with a host of ethical and social concerns that are usually addressed in studies aiming to assess prevention strategies.
The development of HIV surveillance systems is a new challenge. Such systems must be implemented, especially in countries where AIDS incidence has declined as a consequence of the widespread use of effective combination treatment. Problems related to confidentiality and discrimination must be addressed. A backcalculation model that incorporates information on new HIV diagnosis and time between infection and a certain CD4-level must take the place of surveillance that accounts only for AIDS and its incubation time. An alternative might be a traditional model that assumes variations in the extent of the effect of anti-retroviral treatments on AIDS incubation time.
Systematic molecular testing may provide useful information on circulating viral strains and on changes in their patterns. The predominance of certain strains in geographic areas or in population groups in which a specific transmission pattern exists may contribute to generating hypotheses on strain-related properties. However, ecological associations need to be tested in further analytic studies. Since survival and quality of life have improved, HIVinfected people are likely to live longer, leading normal sex lives. The effect of this phenomenon on sexual transmission of HIV must be evaluated. It remains unknown whether or not increased survival and its effects on transmission are counterbalanced by decreased viral load.
Observational studies are now of great importance to evaluating the population effect of treatment (effectiveness or efficacy in practice) and the long-term effects of anti-retroviral treatment. In fact, though clinical trials remain the best design for evaluating the efficacy of specific drugs or drug regimens, the short study duration and the ideal conditions under which trials are carried out do not permit a thorough evaluation of what will happen in the real world. Observational cohorts will be fundamental for assessing treatment strategies and drug options, and may aid in responding to questions such as: When should anti-retroviral treatment begin? Which is the best regimen to use? At what point should one regimen be substituted with another? All of these questions are crucial in that their answers will determine the future of many HIV-infected individuals, as well as the future of the epidemic. Observational studies may also provide information on long-term toxicity of anti-retroviral drugs and on interruption of treatments.
Population-and hospital-based longitudinal studies are essential if AIDS incidence and HIV-related mortality are to be estimated and changes in the patterns of specific, opportunistic diseases evaluated. This will be of particular use when assessing whether or not HAART affects the occurrence of opportunistic infections and whether it affects the occurrence of some more than others. Observational studies may also help us to understand the extent of natural resistance to anti-retroviral drugs, its significance, the incidence of drug-induced resistance, and the extent to which genotypic and/or phenotypic resistance may predict virological, immunological, and clinical outcome.
Goals for HIV Vaccine Research
Protective vaccination could be the most powerful weapon against the continuous global spread of HIV. Clearly, the most desirable goal for HIV vaccine research would be the development of a vaccine that induces long-term protection against the initial establishment of infection in all vaccinees. Although there are no candidate vaccines close to clinical testing that have been shown to induce this level of protection, some recent advances in AIDS vaccine research offer hope that some objectives of an efficacious AIDS vaccine may ultimately be met. The challenges are formidable and can be attributed, in part, to the nature of the virus and its interaction with the host. HIV tropism for and destruction of cellular subsets that are critical to an effective immune response, as well as the high mutability of the virus, offer unique obstacles that will need to be overcome if a successful AIDS vaccine is to be developed. For vaccine candidates in early stages of development, there are additional issues that need to be considered: which immune responses to target; which delivery system to use; which experimental models to use to test efficacy; which antigens to include in the vaccine preparation. The following section focuses on several of these issues as they relate to preclinical development and testing of HIV vaccine candidates.
Immune Responses to Target
One of the first issues that needs to be considered in AIDS vaccine development is which immune response to target. Two general classes of specific immunity can potentially be targeted with current vaccine strategies: humoral (antibody) and cellular (T-cell mediated). Antibody (Ab) responses can be further categorized according to isotype and T-cell responses can be defined in terms of surface marker expression and function (CD4 ϩ /helpers; CD8 ϩ /cytotoxic T cells called CTLs). Unfortunately, no firm correlates of protection have been established that allow predictions to be made about the anticipated effectiveness of a vaccine. Studies in primates led to conflicting results about the relative importance of neutralizing Ab and CTL responses. In part, this may be a function of the vaccine candidates under study. Different vaccines can induce different types or levels of immune response, which may be protective under certain conditions of challenge. Issues such as the route, dose, or strain of challenge virus, or other features of the host animal, may also determine whether a particular type of immune response will be protective for a given animal. Because of these uncertainties, current vaccine design concepts include as a goal the induction of high levels of broadly reactive neutralizing antibodies and CTL responses, both of which depend on T-cell help for optimal responses. NEUTRALIZING ANTIBODY. The ability of neutralizing Ab responses to protect against infection has been investigated in a variety of formats. Many studies have failed to document a role for vaccine-induced neutralizing antibody responses in protection against SIV or SHIV infection in non human primates (43) . In humans, control of initial viremia during acute infection does not appear to be mediated by neutralizing Abs; these appear only after the initial viral peak is controlled. Other animal studies, however, point to a potential role for neutralizing Abs in protection from challenge. In several experimental models of HIV infection, passively transferred neutralizing antibodies exerted potent antiviral effects (44) (45) (46) . Combined, these studies indicated that in certain circumstances, high levels of neutralizing antibody could be protective against viral challenge.
Unfortunately, although it appears that neutralizing antibody could be useful for protection from HIV infection, most vaccine strategies described to date have elicited little or no neutralizing antibody to primary viruses. In particular, recombinant monomeric HIV envelope immunogens elicited Ab responses that were usually type-specific; did not neutralize primary HIV-1 isolates (47-49); and were not fully protective against infection with viruses that were related, but not identical, to the vaccine strain (50, 51) . Strategies that can elicit higher levels of Ab that neutralize a wider variety of primary isolates are, therefore, being sought. In one study (52) , macaques infected with SIV lacking combinations of three different envelope glycosylation sites (of the approximately 24 sites generally expressed on HIV gp120) generated markedly increased antibody titers and neutralizing activity against SIV expressing the parental, fully glycosylated form of envelope. Unfortunately, the neutralizing activity was not effective against two other strains of SIV, suggesting that envelope deglycosylation by itself may not induce responses of increased breadth against divergent strains of HIV. When paired with other approaches, however, this strategy may prove useful at augmenting envelope immunogenicity.
Other encouraging results were obtained recently using immunogens that appeared to freeze the viral envelope in a conformation that may exist only after interaction of the virus with cell surface CD4 (53), or CD4 and the chemokine receptor CCR5 (54) . In the latter study, a cell-based vaccine elicited Ab responses in mice that were capable of neutralizing 23ր24 primary isolates including M-tropic and T-tropic representatives from five prevalent and geographically distinct HIV clades. Absorption experiments indicated that HIV-1 envelope-specific Abs in the sera were required for the neutralizing effect, providing hope that immunization with envelopes from one or a small number of HIV-1 isolates, when presented in an appropriate conformation, may induce protective responses against a diverse array of primary HIV-1 strains.
CTL. Accumulating evidence has also implicated CD8 ϩ T cells in the control of initial HIV-1 infection. HIV-specific CD8 ϩ CTLs were found in the first weeks following infection, before neutralizing antibody appeared, but during the phase when the initial peak of viremia was brought under control (55, 56) . These results applied to SIV-infected macaques (57, 58) , where cell-depletion studies more definitively established a role for CD8 ϩ cells in controlling the virus (59) . In the latter experiments, when chronically SIV-infected macaques were treated with a monoclonal antibody (mAb) to deplete CD8 ϩ cells, the animals experienced an abrupt rise in plasma viral load that returned to baseline only upon re-emergence of SIV-specific CD8 ϩ cells. An effect of CD8 ϩ cell depletion on the viral load of acutely infected animals was also noted. In this instance, animals whose CD8 ϩ cells were effectively removed by mAb treatment failed to control the initial peak in plasma viremia and experienced an accelerated disease course. The mechanism by which CD8 ϩ cells control viral replication was unclear in many of these studies: either direct killing of virus-infected cells or control of replication by the release of soluble inhibitory factors, or both, may play a role in viral suppression. Similar to antibody-mediated viral inhibition, the ability to induce CD8 ϩ cells that recognize and control different viral isolates is an important consideration in vaccine design.
Cases of viral evasion from CD8
ϩ cell recognition are well documented (60) (61) (62) (63) and point to the need to include target antigens with multiple epitopes capable of stimulating a diverse array of CD8 ϩ T cells. To some extent, viral evasion may be less an issue with this arm of the immune response than with Ab. Unlike antibody responses, which need to be focused on exposed regions of the intact virus that are often hypervariable or hidden by glycosylation, CTL responses can be focused on viral epitopes that are not necessarily exposed on the intact virion but are expressed in the infected cell. This allows the possibility of targeting conserved regions of proteins with essential viral functions whose activity would be disrupted by extensive sequence variability (64) . Indeed, instances of CTL cross-reactivity against multiple different HIV isolates were documented in volunteers immunized with recombinant canarypox expressing multiple HIV clade Bencoded proteins (65) and in individuals infected with clade B or non-clade B viruses (66) . By targeting conserved regions of HIV, the number of strains of HIV that need to be included in a CD8
ϩ cell-directed vaccine may, thus, be reduced. This will be counterbalanced by the need to include epitopes that are capable of interacting with the array of major histocompatibility (MHC) class I alleles that are present in the vaccinated population. These two counterbalancing forces will dictate the minimal number of epitopes that need to be included in a vaccine to effectively stimulate CD8 ϩ responses in a genetically heterogeneous population of vaccinees.
HELPER T CELLS. CD4
ϩ T helper (Th) cells have long been known to be important for the generation of B cell and CD8 ϩ T-cell responses to immunogens and appeared to correlate with slower disease progression in HIV-infected individuals (67) . They may also play a direct role in controlling HIV replication by secreting IFN-Ͳ, ͱ-chemokines (68) or other viral inhibitory factors, and may themselves kill virusinfected target cells (69) . As such, CD4
ϩ Th cells play a pivotal role in the immune response and are an obvious consideration in the design of any HIV vaccine candidate. CD4
ϩ Th responses are heterogeneous, however, and can stimulate different arms of the immune system depending on the types of cytokines that they produce. Thus, Th1-type responses stimulate CTL responses and humoral responses of the Immunoglobulin G2 (IgG2) subclass; whereas, high levels of IgG1 subclass antibodies characterize Th2-type responses. Skewing of Th responses toward Th1-or Th2-type is known to occur in the presence of certain cytokines (70) and, possibly, as a result of interaction with different populations of antigen presenting cells (71) or infectious agents (72, 73) . This information may prove valuable in the design of vaccines to target particular arms of the immune system.
Although both Th1 and Th2 responses may ultimately be important for the generation of an effective AIDS vaccine, attention focused recently on approaches to selectively stimulate Th1 responses. The impetus for this focus was in part, a response to the observation that HIVinfected individuals appeared to switch from a Th1 to a Th2 phenotype as disease progressed (74) . Other observations, such as the finding that CD8
ϩ cell depletion in SIV-infected macaques led to a rapid rise in viral load (59) , contributed to the current impression that Th1-type responses may be critical components of an immune response elicited by an effective vaccine. Nevertheless, other immune responses, such as the generation of secretory IgA (s-IgA) in mucosal secretions may play an important role in initial protection from HIV infection and may depend primarily on Th2 responses. If these or other Th2-dependent responses ultimately are found to mediate or improve vaccine-induced protection, optimal vaccines may require the induction of both types of Th responses. Strategies that minimize the mutually antagonistic relationship of these two responses will, therefore, need to be developed.
Mucosal Surfaces
The mucosal surface is one of the major barriers by which HIV gains access to an uninfected host and is, therefore, an important first site at which to control infection. The cellular composition of this surface has many unusual features that offer unique challenges and opportunities to vaccine strategies targeted to this site. Among the critical issues to address are:
1. Can vaccines targeted at one mucosal surface (e.g., nasal or oral) induce longlasting protective immunity at distant mucosal sites (rectal, vaginal)? 2. What types of mucosal immunity need to be induced to protect against HIV challenge? 3. Does induction of mucosal immunity that is not completely sterilizing have an effect on the level of systemic viral load (and thus disease progression)? 4. Can vaccine-induced mucosal immunity reduce the incidence of HIV transmission by lowering viral load in genital secretions?
The s-IgA molecule is the major humoraldefending factor at mucosal surfaces (75, 76) . In the human, the amount of s-IgA exported to mucosal surfaces can exceed 3 g/d, far exceeding the amount of IgG produced in the circulation. Induction of IgA responses is generally considered to be Th-dependent and cytokines characteristic of a Th2 response were associated with increased IgA responses in SIV-infected macaques (77, 78) , as well as rodents (79, 80) . This will no doubt be a consideration in primeboost vaccine strategies in which Th1-dependent CTL responses are desired at the same site and time as Th2-dependent IgA responses. In view of the considerable amount of preclinical data suggesting that Th1 and Th2 responses are mutually antagonistic, strategies to circumvent this issue by, for instance, the use of different vectors and immunogens given at distinct times or the use of T-independent adjuvants, are of great importance. The observation that high levels of both Th1 and Th2 responses can be generated in certain experimental models of viral infection (81) suggests that this may not an insurmountable problem.
Other cell types commonly found at this site include antigen-specific T and B cells. With respect to antigen-specific CD4 ϩ and CD8 ϩ cells, stimulation of these cells at mucosal surfaces occurs through the same set of antigenspecific and co-stimulatory interactions that are required for their stimulation at peripheral sites. Additional considerations, including targeting of vaccine components to specialized transport (e.g., M cells) or antigen presenting cells at these surfaces, may improve the immunogenicity of vaccines delivered to mucosal surfaces. In addition to antigen-specific T and B cells, mucosal surfaces contain a variety of antigen-nonspecific mechanisms, which are the first line of defense in many bacterial and viral infections and which may be considered as potential targets for vaccine-induced interventions. Ͳ-ͳ T cells, for instance, are commonly found in mucosal tissues and can be antigen-stimulated to release antiviral factors (82) . In addition, many VͲ9րVͲ2 T cells are highly cytotoxic for HIV-infected targets (83) . Since stimulation of these cells with their cognate antigens in vivo results in increases in their activity lasting approximately 2 months (84), they may not be the best candidates for vaccine strategies in which the goal is longlasting HIV immunity. However, these and other HIV-nonspecific cells may be good candidates to consider for post-exposure prophylaxis regimens or when the discontinuation of HAART therapy is anticipated. Here, the goal would be to rapidly mobilize an effector population capable of having an impact on the rate of initial viral replication and level of the viral setpoint.
Memory Responses
Memory T and B cells are, by definition, those cells that have been previously exposed to their cognate antigen and, as a consequence, are able to respond more quickly and with a heightened response following re-exposure to the same antigen. All efficacious vaccines to date rely for protection on these cells, which are considered critical to the success of an HIV vaccine. In particular, the ability of a vaccine to induce expanded populations of long-lived HIVspecific memory cells will be critical to vaccine success in human populations in parts of the world where access to immunization schemes that demand frequent vaccine boosts may be limited. It appears that CD8 ϩ memory cells may derive from a relatively rare subset of cells that are activated during primary antiviral responses (85, 86) . This issue is less clear with respect to CD4 ϩ T-memory cells, which may persist as activated cells in germinal centers (87) . Monitoring these responses will be scientifically daunting, because the markers available to study T-memory cells are not entirely satisfactory.
Regardless of their developmental history, the critical issue for these cells in terms of vaccine design and testing is their ability to protect the host from HIV for prolonged periods of time after vaccination. Currently, most vaccine candidates are tested for protective efficacy during the period of peak vaccine-induced immune activation, but are often not tested after memory cell development. Since HIV vaccines will be expected to induce a state of long-lived immune-mediated protection, vaccines that are advancing through development must be tested for duration of protective response. As such, the ability of a vaccine construct to maintain a pool of potent memory cells will be critical to its success.
Choice of Immunogens
VIRAL TARGETS. The choice of immunogens to use in a vaccine is, to some extent, dictated by the type of immune response that is sought. Neutralizing antibody responses are primarily directed against envelope proteins, although there is some evidence that antibody responses against Tat may have some beneficial effect in disease progression (88, 89) . A significant effort is currently underway to determine the structural requirements of an HIV envelope that will allow for induction of high levels of broadly reactive neutralizing responses. As discussed above, recombinant monomeric envelope protein has only succeeded in generating type-specific responses and is, therefore, not likely to be successful in protecting against a broad array of HIV strains. It is not the intent of this discussion to summarize the variety of approaches that are being considered to circumvent this problem, but recent data on the structure of envelope (90) and its interaction with the cell surface (91) will undoubtedly play a large role in formulating strategies to design better envelope-based immunogens.
Other potential viral targets include viral structural, regulatory and accessory gene products. Although neutralizing antibody responses are unlikely to be generated against these targets due to their internal location within infected cells and/or viral particles, CTL and Th epitopes have been mapped to many of these proteins, which may, therefore, form the basis for T-cell based vaccine candidates. There is currently no reason to believe that any of these antigens may be qualitatively better in terms of eliciting protective T-cell responses, although attempts to quantify CTL responses to the different HIV proteins in infected individuals suggest that responses to Gag are more frequently found and at higher levels than responses to Env, Pol, or Nef, at least in some patient cohorts (92, 93 , but see 94, 95) . In addition, the peculiarities of some of these proteins and their interactions with the infected cell suggest that some of these proteins may be better vaccine candidates than others. Recent findings regarding Nef, for instance, provoke caution in targeting this protein as a sole vaccine candidate. Although anti-Nef CTL responses are commonly found in infected individuals, Nef can down-regulate MHC class I molecules on HIV infected cells, thus, protecting them from CTL recognition and lysis (96) . Strategies that include Nef as a vaccine component may, therefore, be optimized by deleting regions of this protein responsible for MHC down-regulation or by including Nef-encoded epitopes, rather than whole protein in the vaccine construct.
Epitope-based vaccines are also being considered for HIV. In these approaches, rather than using sequences that encode entire proteins, minimal HIV sequences capable of stimulating individual Th cells, B cells, or CTLs are being derived and tested. Given the combined complications of viral heterogeneity and HLA polymorphism, vaccines that only include single B-or T-cell epitopes are unlikely to have a substantial effect on protecting populations of genetically heterogeneous individuals from HIV infection. Nevertheless, it is conceivable that vaccines that incorporate multiple epitopes from distinct HIV isolates that are restricted to several different HLA alleles may confer protective advantage to the population. Indeed, the finding of HLA "supertypes," which have been defined as related HLA class I and possibly class II alleles that bind peptides with related motifs (97) , offers hope that a limited number of HLA class I and class IIrestricted epitopes may be sufficient to induce T-cell responses in a significant percentage of vaccinees. The "linked epitope" approach was investigated using DNA constructs in mice (98, 99) and had several attractive features. Constructs can be made in which multiple epitopes are placed in tandem to address issues of viral heterogeneity and HLA polymorphism. In addition, since these constructs will have only minimal homology with the virus itself, the potential for recombination to generate novel and potentially more pathogenic forms of the virus is minimized.
CELLULAR TARGETS. MHC antigens and other adhesion molecules are associated with viral particles. During initial viral exposure, these proteins, derived from the virus donor, could bear antigenic sites, since the virus donor and recipient are genetically different. Indeed, one of the earliest "successes" in nonhuman primate trials of HIV vaccine concepts, in which macaques were immunized and challenged with virus preparations grown in human cells, was shown to depend on the response of the monkeys to human antigens (100,101), a result could be reproduced when macaques were immunized with purified HLA-DR class II xenoantigens (102) . Although the mechanism responsible for protection has not been clearly elucidated yet and attempts to generate protective immune responses using alloantigens, rather than xenoantigens, have been less successful (103) , the approach has the advantage in that the immunogen is not susceptible to HIV mutation. Possible disadvantages include the fact that without immediate sterilizing immunity, the vaccine is unlikely to affect subsequent viral load or disease progression since the antigen, provided by the virus donor, will be rapidly lost when host cells in the newly infected recipient begin to replicate the virus.
HIV is also known to require a variety of host cell proteins, in addition to its own viralencoded determinants, for efficient replication. The cellular receptors CD4, CCR5, and CXCR4 are only three of many host cell factors that facilitate cell infection and viral replication. Many of these factors will make inappropriate targets for vaccine development for reasons of self-tolerance or because immune responses to the protein will be deleterious to the individual. However, the discovery of these proteins and the way they interact with HIV, creates novel opportunities to design vaccines that mimic structures created by the interaction of HIV with the host cell. The construction of a "fusion intermediate" vaccine (54) is but one example of the ways in which knowledge of the interaction between host and virus can be used in the creation of novel vaccine candidates.
Conclusions
The epidemiological and immunological data discussed above clearly indicate that there are many considerations that must be brought to bear on the preclinical development of an AIDS vaccine. In addition to the issues already discussed, choice of vectors, adjuvants and other formulation issues, routes and timing of delivery, and model systems to use in preclinical testing are additional considerations. Many of these issues have been addressed elsewhere and will not be discussed further here (104) (105) (106) (107) . In addition, once vaccine candidates advance to clinical testing, there are additional issues that must be confronted. Among them, how best to measure efficacy becomes a primary consideration. Indeed, since most current vaccine candidates are unlikely to provide complete, sterilizing immunity to infection, alternative endpoints must be considered in the conduct of clinical trials. These issues have also been extensively discussed (108) and will complicate the design and analysis of largescale clinical trials.
It has been evident for many years now that the development of an effective HIV vaccine is going to be a difficult task that will require the talents, expertise, and imagination of many teams of scientists and clinicians. At a time when the epidemic continues to grow exponentially in many parts of the world, and with millions of people already infected who have no prospect of treatment with today's anti-retroviral regimens, the need for an HIV vaccine has never been greater. Still unclear is how best to induce protective immune responses against a diverse array of HIV isolates in genetically heterogeneous human populations. With advances in our understanding of HIV epidemiology, the interaction of HIV with the host, the structures of HIV-encoded proteins and how they are perceived by the human immune system, and improvements in vaccine delivery systems and formulations, prospects for developing an HIV vaccine are improving.
